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ABSTRACT 
	  
 The effect of seasonal and multiannual environmental variability on the 
abundance and composition of Neotropical pollen rain was investigated using ten years of 
seasonal aerial pollen samples from Barro Colorado Island (BCI), Panama. Using 
canonical correspondence analysis, we identified the environmental variables that most 
account for intra-annual and inter-annual variability in tropical pollen production and 
found that pollen rain samples effectively captured the strong seasonality and 
stratification of pollen flow within the forest canopy. Inter-annual variation in pollen rain 
composition varied most strongly with the preceding year’s precipitation, with a smaller 
secondary effect of the current year’s temperature and photosynthetically active radiation 
(PAR). Our results demonstrate the relative stability of the long-term pollen rain as a 
larger regional signal of flowering response to climatic variability, while also suggesting 
that paleoecological interpretations of modern pollen assemblages need to adjust for 
skewed short-term variability in pollen influx from neighboring pollen taxa. 	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CHAPTER 1: VARIABILITY WITHIN THE 10-YEAR POLLEN RAIN OF A 
SEASONAL NEOTROPICAL FOREST 
 
Introduction 
 
The changing composition of fossil pollen in sediment samples is presumed to 
represent compositional changes in standing vegetation over time (Behling 1998, 
Colinvaux et al. 1996, Colinvaux and Oliveira 2001, Gonzalez et al. 2006). As the 
biomass of individual plant taxa wax and wane, their total pollen output will as well. 
Palynologists recognize that the abundance structure of a pollen assemblage does not 
necessarily mirror the structure of the surrounding plant community; studies in temperate 
and tropical systems report that plant taxa may be over- or underrepresented due to 
differences in pollen productivity (Behling et al. 1997, Bush and Rivera 1998, 2001, 
Bush et al. 2001). However, few studies have measured the variability of pollen 
production for time periods of up to 10 years (Kershaw and Strickland 1990). In high-
diversity systems, short-term studies are unlikely to capture the full range of 
environmentally induced variation in pollen production, due to the irregularity of 
flowering periodicity in many tropical taxa (e.g. Faramea occidentalis).  
The current use of transfer functions based on short-term surface pollen samples 
can incorrectly calibrate pollen assemblages with climatic variables and forest type. 
Without establishing the range of pollen output in modern plant communities, 
paleoecological interpretations of the fossil pollen record will overemphasize the degree 
of taxonomic turnover, as the sensitivity of pollen production to interannual climatic 
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variability is ignored. In order to establish baselines of this long-term variability, we 
measured the seasonal pollen flux on Barro Colorado Island, Panama, using ten years of 
aerial pollen trap data. Stratified within the forest canopy, these traps captured the 
correspondence of pollen influx with seasonal and inter-annual environmental changes. 
The results represent a dynamic and long-term assessment of modern pollen flux, which 
is in contrast to the traditional static correlation of pollen assemblages to community 
composition (e.g. Behling et al. 1997, Bush 1991, Gosling et al. 2009, Kershaw and 
Bulman 1994, Lezine et al. 2009, Rodgers and Horn 1996). The data demonstrate robust 
variation in both seasonal and inter-annual pollen production among the most common 
pollen taxa. Our results also highlight divergence in the seasonal reproductive outputs of 
several prominent Neotropical plant taxa, and show how aerial pollen samples can be 
used to track this one aspect of plant reproduction to climatic variation.  
 Our results corroborate previous studies of tropical phenology (Frankie et al. 
1974, Lobo et al. 2003, Mori and Kallunki 1976, Opler et al. 1975, Wright and van 
Schaik 1994, Zimmerman et al. 2007), demonstrating that the pollen rain captures known 
seasonal variability in flowering. Our results also show that the composition of the pollen 
rain also tracks short- and long-term fluctuations in temperature, precipitation, and light 
availability. Previous research on the timing of flowering suggests that dry-season 
flowering taxa are sensitive to increased solar irradiance and drought severity (Wright 
and Calderon 2006, Zimmerman et al. 2007). Pronounced periods of wet conditions have 
been observed to suppress flowering activity in some species (Condit 1998). Both 
patterns are evident in our pollen samples. However, our results also demonstrate that 
short-term pollen records can be disproportionately biased by the phenological behavior 
	  3	  
of local individuals, suggesting that the regional flowering signal captured by the pollen 
rain may be a better aggregate of community response. Together, these results illustrate 
how long-term monitoring of pollen influx more accurately captures the dynamic nature 
of the pollen rain and suggests that future paleoecological studies of modern and fossil 
data take this variability into account. 
 
Study Site and Methods 
 
Location and Climate 
Pollen influx and concurrent climate data were collected over a 10-yr period 
(1996-2005) from the seasonal tropical moist forest on Barro Colorado Island (BCI), 
Panama (9°9' N, 79°51' W). BCI is a well-studied tropical system where plant community 
dynamics have studied over the past 30 yrs (Condit et al. 1996, 1998, Wright et al. 2004). 
The climate is characterized by its seasonality, with a distinct dry season marked by 
decreased precipitation and a 40-50% increase in solar irradiance, typically beginning in 
mid-December and ending in mid-April the following year (Srygley et al. 2010, 
Zimmerman et al. 2007). During the dry season, evapotranspiration can exceed 
precipitation, resulting in a period of severe water stress and deciduousness in many plant 
species (Croat 1978, Machado and Tyree 1994, Wright 1994). Annually, the island 
receives about 2600 mm of rainfall per year with severe dry seasons receiving as little as 
100 mm of the annual total (Leigh 1999).  
 
 
	  4	  
 
Pollen rain data set 
Aerial pollen traps (following Bush 1992) were placed on the Lutz weather tower 
on BCI at 5 m intervals from ground level (0 m) to above the canopy (42/45 m) to collect 
pollen rain samples. Samples were collected from 1996-2005. In 2002, the height of the 
tower was increased and the trap positioned at 42m was moved to 45m. Pollen traps were 
placed on the tower at the beginning of the dry or wet season, and were collected at the 
beginning of the next season. Therefore, there is variation in the absolute timespan 
represented by each pollen trap, due to the variation in the trap set and collection dates. 
One collection was missed in 1998; as a result, the 1998 samples reflect a single, annual 
sampling period.  
We chose a subset of samples (0, 5, 20, 25, 40, and 42/45 m) for our analysis 
based on their relative placement in the forest canopy, which at BCI is between 25-30 m 
in height (Bush and Rivera 1998). Samples were chemically processed to remove organic 
debris and isolate pollen following standard protocols (Bush 1992, Gosling et al. 2003). 
A known quantity of exotic Lycopodium spores was added to each sample to calculate 
pollen concentrations and rates of influx (Behling et al. 1997, Bush 1992). A total of 114 
pollen samples were analyzed. 
 
Pollen counts and identifications 
Counts were completed from prepared microscopic slides of the processed pollen 
residues using a Zeiss transmitted light microscope at 400x magnification. Counts were 
made following vertical transects until ≥300 grains had been tallied. The remainder of the 
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slide was scanned for unique pollen types. Preliminary pollen identifications were made 
using published photographs and morphological descriptions of species present on BCI 
(Roubik and Moreno 1991). Final pollen identifications were based on comparison to 
reference material (the Alan Graham pollen reference collection housed at the 
Smithsonian Tropical Research Institute (STRI)). A total of 133 unique morphotypes 
were identified. Pollen types were identified to species level when possible; however, due 
to the highly conserved morphology of related pollen types (Bush et al. 2001), the 
majority of identifications were limited to the family or genus level (Supplemental Table 
2). Morphological types for which taxonomic identifications could not be made were 
designated as unknown morphotypes. Pollen types that shared morphological similarities 
with previously described grains, but for which true identities still remained uncertain, 
were described as cf. species.  
 Pollen influx (pollen grains cm-3day-1) was calculated using the count of 
Lycopodium spores recorded in each sample. To account for differences in the sampling 
length between years and samples, pollen abundances were normalized by sampling 
duration (influx densities divided by the number of days (d) over which samples were 
collected). Type photographs were taken using a 63x oil immersion objective (NA 1.40) 
(Appendix Plates). 
 
Vegetation census 
 A vegetation census was completed of the area within a 50 m radius (.785-ha) of 
the Lutz tower to document the floristic composition of the surrounding forest. We based 
this search radius on previous studies that indicated that dominant pollen types tend to 
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originate within a 30-40 m radius of pollen traps (Bush and Rivera 1998, 2001). All trees, 
shrubs, and lianas of reproductive size were tallied in 5 m and 20° angle intervals from 
the base of the tower outwards. Measurements of DBH (diameter at breast height) for all 
individuals of reproductive size were taken. From these data, we calculated basal area 
(BA; m2/ha) for the 40 species for which DBH was recorded.  
 
Climate data set 
Climate data for BCI were available for the timeframe represented by the pollen 
dataset from STRI (Paton 1996-2005). Average values for each climate variable were 
calculated based on the respective durations of each sample. Climate variables 
investigated include: evapotranspiration (ET; mm day ¯1; mean photosynthetically active 
radiation (PAR; Einsteins/m2); mean precipitation (mm/day); proportion of days 
receiving no rainfall; and temperature (minimum, maximum, mean, and mean diurnal 
range; °C).  
 
Analyses 
 
Pollen influx and forest composition 
 The ratio of percent pollen influx to percent basal area provides a metric for 
assessing which species are most overrepresented and underrepresented in a modern 
pollen rain sample (“R-rel”) (Faegri and Iverson 1989, Bush and Rivera 2001). Taxa 
present within 50 m radius of the Lutz tower but absent from the 10-yr pollen record are 
‘silent taxa’. R-rel values >1 indicate pollen types that are overrepresented and values <1 
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indicate types that are underrepresented. Of the 49 plant species identified in the 
vegetation census that were also represented in the pollen samples, R-rel values were 
calculated for 21 species with corresponding DBH measurements. To illustrate how 
variable long-term pollen production can be even within a compositionally static forest 
community, annual measures of R-rel were calculated using summed dry and wet season 
pollen abundances for each of the 10 yrs analyzed.  
  
Pollen influx and environmental variability  
 We used canonical correspondence analysis (CCA) to assess the degree to which 
variation in composition among pollen samples could be correlated with the eight 
averaged climate variables (described in “Study Site and Methods”) and height within the 
forest canopy. Seasonal pollen influx data (pollen grains cm-3day-1) for the 50 most 
abundant pollen types from all pollen samples from 0, 5, 20, 25, 40, and 45 m were 
included, with the exception of two samples for which a 300 pollen grain baseline could 
not be counted (2001 dry 5 m; 2002 wet 40 and 45 m). Rare pollen types were excluded 
from the ordination in order to minimize the influence of rare pollen types. The 
significance of the eigenvector describing the relationship between pollen influx 
composition and environmental conditions was evaluated through 1000 permutations of 
pollen resampling.  
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Results 
 
Pollen influx 
 In total, 34,299 individual pollen grains were recorded and identified in the 10 yr 
record. Mean pollen influx to all 114 seasonal samples was 1,055 pollen grains cm-3day-1. 
Maximum pollen influx was oberved in the 2000 5 m dry season sample, with a 
calculated pollen influx of 8,856 pollen grains cm-3day-1. Pollen influx of the emergent 
traps (40, 42/45m) was consistently lower than mid-canopy (20, 25m) and understory (0, 
5m) traps (Fig 1). Minimum pollen influx was recorded for the 2005 45 m wet season 
sample, with only 8 pollen grains cm-3day-1. Seasonal pollen influx of dry and wet season 
traps were not significantly different when densities of all pollen types were summed and 
included (t = .047; P = .963). 
 
Composition of surrounding forest and pollen representation 
The vegetation census recorded 114 different species within the 50 m radius 
surrounding the Lutz tower, which includes 45 families and 92 genera (Appendix Table 
1). A total of 1193 individuals were recorded, half of which are species of Piper (33.1%) 
and Rubiaceae (21.6%). In terms of basal area, Anacardium excelsum (Anacardiaceae) 
(BA = 34.6%) and Ficus insipida (Moraceae) (BA = 11.2%) are the most prominent 
woody species. Other notable taxa include Virola (Myristicaceae), Protium 
(Burseraceae), Gustavia (Lecythidaceae), Pseudobombax (Malvaceae), Spondias 
(Anacardiaceae), and Quararibea (Malvaceae) (Table 1). There was a limited amount of 
overlap between the censused vegetation and the pollen trap composition. Fifty-nine of 
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the 114-recorded species are potentially found in the pollen samples, representing 37 of 
the 133 identified pollen types (multiple species comprise pollen types in Arecaceae, 
Moraceae, Piperaceae, etc.). Taxa such as Anacardium (R-rel = 0.04) and Ficus (R-rel = 
0.02), while dominant components of the measured basal area, are underrepresented in 
the Lutz pollen influx with R-rel values well under 1 (Table 1). 
Anemophilous pollen types are highly overrepresented, with Moraceae (excluding 
Ficus) (R-rel = 7.04) and Cecropia (Urticaceae) (R-rel = 58.0) accounting for a larger 
percentage of the Lutz pollen rain than of the immediate forest community, as would be 
expected from previous research (Bush 1995, Bush and Rivera 2001). Faramea 
occidentalis (Rubiaceae) (R-rel = 9), a species that is moth pollinated, is likely 
overrepresented due to its proximity to the pollen traps. Although Faramea is an 
abundant understory tree species (43 individuals recorded in the vegetation census), it 
comprises only 0.2% of the total basal area. As one of only eight species recorded within 
5 m of the tower, the high R-rel value suggests that Faramea occidentalis is strongly 
overrepresented; a stark contrast to Bush and Rivera’s (2001) finding (% Pollen = 1.3; % 
BA = 4.25, R-rel = 0.3). Similar overrepresentation is also observed in Eugenia 
coloradoensis (Myrtaceae) (R-rel = 5.25), with one individual also recorded within 5 m.   
However, not all taxa found within 5 m were overrepresented within the Lutz 
pollen samples. Pollen types corresponding to Calathea (Marantaceae) and Xylopia 
(Annonaceae) went unaccounted for altogether over the summed 10 yr pollen record. 
Similarly, grains corresponding to Erythrina costaricensis (Fabaceae-Papilionoideae) 
were considerably underrepresented (% Pollen Sum = 0.03; % BA = 0.21, R-rel = .002) 
relative to Faramea and Eugenia over the 10 yrs sampled. 
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Stratification in pollen influx 	   There were a small number of long-distance dispersed grains (grains originating 
from outside BCI and the canal zone area) in the 10 yr record. The highest percentages of 
long-distance dispersed pollen were found in the 40 and 42/45 m pollen samples, but 
never exceeded 1% of the total pollen influx in any sample for which a 300-grain 
baseline was counted (0.9% in 2003 dry 45m). However, single grains of Alnus and 
saccate Pinus/Podocarpus spp. pollen types were also recorded in samples collected at 
both 0 and 5 m. A summary of pollen abundaces for each named pollen taxa is listed in 
Appendix Table 2. 
 Pollen types corresponding to local taxa (species located within the 50 m 
censused radius) accounted for 67.6% of the summed 10 yr pollen influx, with a 
maximum abundance of local pollen taxa in the 2000 wet 40 m sample (93.3%) and 
lowest abundance in the 1999 dry 25 m sample (36.0%). The proportion of pollen influx 
acocunted for by exotic species was considerably less at each sampling height (Fig. 1b), 
most notably at the understory and emergent sampling heights. Influx of specific pollen 
taxa to each sampling height was variable (Fig. 4). The 10-yr influx of each pollen type to 
emergent sampling heights never exceeded the total abundance captured by mid-canopy 
and understory traps. Several pollen taxa showed increased representation at mid-canopy 
sampling heights, including: Uncaria tomentosa (Rubiaceae), Cordia (Boraginaceae), 
Combretum (Combretaceae), Citrus (Rutaceae), and Bursera (Burseraceae) (Fig. 4). 
 Multiannual pollen influx to each sampling height was highly variable (Fig. 1 
a/b/c/d). The relative contribution of local taxa to the pollen influx of the understory 
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pollen traps was less variable than at the 20/25 m and 40/45 m sampling heights (Fig. 1b). 
Notably, the highest percentages of local pollen taxa were observed in emergent 40/45 m 
traps (Fig. 1a/b), which may be a result of the low number of grains at this height (Fig. 
1d) .  The most abundant pollen types at 40/45m were: Melastomataceae (8.5%), cf. 
Gustavia superba (7.7%), and Hyeronima (3.2%), which are most likely insect-pollinated 
(Bush and Rivera 2001), as well as anemophilous Moraceae (22.7%) and Cecropia 
(19.1%). All these taxa are found within the censused 50 m radius. Pollen assemblages 
from the 20/25 m sampling heights were marginally, but not significantly, more species-
rich than understory pollen assemblages (Fig. 1c). The 20/25 m pollen assemblages were 
also characterized by a greater percentage of exotic pollen influx relative to understory 
pollen assemblages (Fig. 1b), driven in part by increased representation from 
Didymopanax (4.0%), Machaerium (3.6%), Cordia (2.8%), and Sabicea (2.2%) pollen 
types; which are all taxa not found withing the censused radius.  
 
 Multiannual variability in pollen representation 
Calculations of annual variation of R-rel for the most common pollen taxa 
revealed that reproductive individuals located within 5 m of pollen traps can 
disproportionately bias the interannual variability of modern pollen rain assemblages 
(Fig. 2). Two pollen taxa found within 5 m of the tower, Faramea occidentalis and 
Eugenia coloradoensis, demonstrated the most interannual variability in pollen 
representation over the 10 yr record. These two taxa account for 4.14% of the summed 
10-yr pollen influx. 
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Seasonal pollen influx and climatic variability 
 Canonical correspondence analysis of pollen densities of the 50 most abundant 
pollen taxa revealed that almost half of variation in the composition of the seasonal 
pollen influx corresponded with seasonal environmental variability (Fig. 3). The first 
CCA axis (46.0% variation explained; P < 0.001) describes a significant percentage of 
the overall seasonal variation in the Lutz pollen samples. Taxa that covary most strongly 
with dry season conditions are: Asteraceae, Uncaria tomentosa (Rubiaceae), Chamaesyce 
(Euphorbiaceae), Astronium (Anacardiaceae), Pseudobombax (Malvaceae), Byrsonima 
(Malpighiaceae), cf. Gustavia (Lecythidaceae), and Cordia (Boraginaceae). Taxa that 
covary most strongly with wet season conditions are: Faramea occidentalis (Rubiaceae), 
cf. Rubiaceae spp., Cydista (Bignoniaceae), Dendropanax (Araliaceae), cf. Alchornea sp. 
(Euphorbiaceae), Protium (Burseraceae), Machaerium (Fabaceae-Papilionoideae), and 
Zanthoxylum (Rutaceae). Distinct seasonality in pollen abundances were recorded for 
these pollen taxa over the 10 yrs sampled (Fig. 4). Intra-annual variability in pollen 
abundances for these taxa had the most weight in driving ordination of seasonal samples. 
 The environmental variables that most accounted for differences in seasonal 
pollen influx are mean PAR, proportion of dry days, mean evapotranspiration, and mean 
precipitation. During the wet season, pollen influx corresponds most strongly to increases 
in mean precipitation. Axis 2 (19.1% variation explained; P = 0.047) describes a 
considerably smaller percentage of the environmental variation in pollen influx and is 
characterized most strongly by variation with sampling height.  
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 Differences between sampling methodology and seasonal variation in pollen 
influx are reflected by the 1998 pollen sampling period. Represented as filled inverse 
triangles (Fig. 3), all 1998 samples ordinate along and to the right of the y-axis. 
 
Year-to-year variability in pollen influx and climatic variability 
 Canonical correspondence analyses of annual pollen densities and concurrent 
climate data indicated that annual variation in pollen composition was characterized most 
strongly by differences in sampling height and by influx of exotic pollen taxa 
(Supplemental Online Material). The strength of the first ordination axis in an annual 
CCA using only local pollen components (26/50 most abundant) was significantly 
reduced (38.5% variation explained; P = 0.107) relative to a CCA using only abundant, 
exotic pollen taxa (24/50 most abundant) (eigenvalue = 0.173; 40.6% variation explained; 
P < 0.001). In each instance, the first axis was dominated by differences in sampling 
height, with 40/45m pollen assemblages clustering together. The second axis of variation 
in both CCAs were dominated by evapotranspiration, PAR, and temperature variables 
(Supplemental Online Material CCA loadings).  
 Canonical correspondence analysis of exotic pollen densities using the previous 
sampling duration’s climate data in addition to concurrent climate data revealed an 
increased role of the previous sampling year’s climatic conditions on pollen influx (Fig. 
5). In addition to sampling height, mean precipitation and evapotranspiration calculations 
of the year prior were revealed to effect the current sampling period’s pollen influx along 
axis 1 (eigenvalue = 0.188; 40.3% variation explained; P < 0.001). Environmental 
loadings along the second axis echo the results of the seasonal CCA, indicating an 
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increased role of the current sampling period’s PAR and ET on pollen influx in addition 
to measures of MAT (eigenvalue = 0.102; 22.0% variation explained; P = 0.005). 
 
Discussion 
 
 Our data demonstrate sensitivity of long-term reproductive outputs of prominent 
pollen taxa to multiannual climatic variabilty, while also demonstrating how short-term 
pollen records can be disproportionatley biased by the phenological behavior of local 
pollen components. Together, these data illustrate increased resolution in relating long-
term variability in pollen influx and climate to a static forest community to more 
accurately relate long-term changes in pollen assemblages to corresponding communities.   
 
Stratification in pollen influx 
 The placement of pollen traps at different sampling heights within the forest 
allowed us to assess the degree to which pollen flow is stratified. The results show that 
there are clear differences in the pollen composition at different heights in the forest 
canopy. Pollen samples collected from 0 and 5 m more consistently captured pollen 
originating from local sources than from higher sampling heights (Fig. 1). The large 
percentage (38-39%) of pollen from sources >50 m in mid-canopy traps (20-25m) 
suggests a high degree of movement of pollen higher in the mid-canopy. 
 The results also allow us to assess the potential limitations of modern ground 
traps for paleoecological analyses. Ground samples within closed canopy appear to 
represent a smaller radius of vegetation than surface lake sediments. However, while 
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pollen traps at 20 and 25 m contained more taxa and a greater percentage of exotic pollen 
than traps at 0 and 5 m, the most common exotic taxa (Didymopanax, Machaerium, 
Cordia, and Sabicea) were still found in abundance in the understory pollen traps as well. 
The exotic pollen taxa missing from the 0 and 5 m samples were minor components, 
some represented by as few as a single grain.  
The mid-canopy pioneer species Cordia alliodora was recorded in high 
abundance in mid-canopy dry season pollen samples (Fig. 4). The species was not 
recorded in the 50 m census, so the presence of the taxon in our pollen traps indicate 
pollen influx is being dispersed from relatively long distances. Similar patterns in mid-
canopy influx were observed in other pollen taxa not recorded in the census, including: 
Asteraceae, Didymopanax morototoni, Zanthoxylum spp., and Citrus spp. Emergent 
40/45 m samples were not characterized by an increased dominance of exotic pollen taxa 
relative to lower sampling heights (Fig. 1b). Long-distance dispersed Pinus/Podocarpus 
(0.035%) and Alnus (0.032%) pollen types also did not show increased relative 
representation in emergent pollen assemblages relative to lower sampling heights, 
suggesting a strong regional signal in pollen representation at each sampling height. 
 
Local bias in short-term pollen counts 
 The ratio of percent pollen abundance to percent basal area (R-rel) identifies the 
pollen taxa that are disproportionately represented in a pollen sample compared to the 
standing biomass of a forest community (Faegri and Iverson 1989, Bush and Rivera 
2001). Our results demonstrate that short-term pollen records (1-3 yrs) that fail to account 
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for distance to nearest reproductive individual can easily over- or underestimate the R-rel 
value of individual taxa.  
  Our annual R-rel calculations (Fig. 2) illustrate the degree to which reproductive 
individuals within a 5 m radius of pollen traps can heavily bias pollen counts. Two taxa 
(Faramea occidentalis and Eugenia coloradoensis) were heavily overrepresented one 
year and underrepresented the next. Faramea	  goes	  from	  0.43	  R-­‐rel	  in	  1999	  to	  13.4	  R-­‐rel	  in	  2000.	  Eugenia	  went	  from	  an	  R-­‐rel	  of	  0.34	  in	  1996	  to	  an	  R-­‐rel	  of	  15.9	  in	  1997.	  
Pollen taxa at a distance beyond 5 m are more consistently represented in long-term 
pollen records (e.g. R-rel in Virola never exceeded 0.42 and was never less than 0.15). 
These data illustrate that short-term pollen records will exaggerate the long-term 
reproductive behaviors of neighboring pollen taxa, suggesting that analyses of modern 
pollen counts need to adjust for multiannual variability in pollen outputs from adjacent 
species.  
 
Detecting seasonal variability in pollen influx 
 Our seasonal analysis of pollen influx revealed strong community-level 
divergence in the composition of the pollen rain between the dry and wet seasons. The 
pollen rain not only captured the seasonality of flowering, but also captured variability in 
pollen production relating to seasonal extremes.  
A large amount of variation (46.0%) was explained by the first CCA axis, which 
corresponded to increased PAR, ET, and drought severity. Dry season samples covaried 
positively with this first axis. However, the ordination of wet season pollen samples 
along both sides of this axis suggests that wet season pollen assemblages are 
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characterized by a larger number of bimodal and asynchronously flowering species than 
dry season assemblages.  
The increased seasonality in precipitation and drought severity also covaried with 
increased pollen production of specific taxa, supporting previous studies suggesting 
enhanced seasonality influences flowering activity in Neotropical species (Zimmerman et 
al. 2007). For example, positive correspondence of Trichilia and Faramea pollen with 
wet season conditions supports previous observations that individuals of Trichilia 
tuberculata and Faramea occidentalis have been observed to flower in the early rainy 
season on BCI (Wright and van Schaik 1994).  
Pollen from the mid-canopy pioneer species Cordia alliodora was recorded in 
high abundance in mid-canopy dry season pollen samples (Fig. 4), with a peak influx of 
17.5% to a single 25 m dry season sample in 1999. Positive covariation of Cordia influx 
with dry season conditions is consistent with observations from Costa Rica that 
individuals of the Cordia alliodora flower over a six-week period in the dry season 
(Opler et al. 1975).  
Didymopanax and Pseudobombax pollen types, previously shown to be strong 
pollen indicators of tropical moist forests in paleoecological analyses (Bush 1991), also 
contribute the greatest influx during dry sampling periods, with Pseudobombax 
exhibiting strong flowering correspondence with the dry season (Fig. 4). This is 
consistent with observations that Bombacaceous species flower throughout the dry season 
(Lobo et. al 2003, Sakai 2001). The presence of Gustavia superba, Astronium graveolens, 
and Anacardium excelsum also support previous observations of these primarily dry-
season flowering species (Frankie et al. 1974, Mori and Kallunki 1976). In contrast, the 
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aseasonality observed in the pollen influx of Hyeronima alchorneoides is consistent for a 
species that has previously been shown to fruit more than once a year (Muller-Landau et 
al. 2008). Extended flowering species such as Spondias mombin, which principally 
flowers during the dry season, but can also flower into the early rainy season (Adler and 
Kielpinski 2000, Frankie et al. 1974) were incorrectly also identified as aseasonal 
because of the timing of placement and collection of the pollen traps.  
Although the coarseness of our sampling intervals means that these results cannot 
be compared to regular forest surveys that can more accurately census flowering events 
(e.g. Wright and Calderon 2006), our results do suggest that aerial pollen censuses can 
capture phenological patterns for both wind and animal pollinated groups. When 
flowering events are cryptic, or occur high in the canopy, or in remote locations, modern 
pollen traps could serve as a potential supplement to ground and aerial surveys. 
 
Interannual variability in pollen influx 
Although the dominant pattern of variation in pollen rain composition predictably 
co-varied with season, second order patterns of enviromental covaration indicate that 
composition can also change with interannual differences in temperature, precipitation, 
ET and PAR. Our canonical correspondence analyses of annual pollen highlighted the 
role of the previous year’s precipitation and ET, and the current year’s temperature and 
PAR (Fig. 5). That most of the compositional variation in pollen production in this ten-
year span was in response to past precipitation and current temperature and light 
availability, suggests a nuanced interplay of past and present environmental influences.   
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Exotic pollen taxa (originating at a distance >50 m) demonstrated higher covariance with 
our environmental variables. This suggests that the stochastic nature of pollen influx from 
local plant taxa can mask the larger regional response to climate variability. In this 
respect, the larger regional signal that can be captured by the pollen rain, unlike 
traditional ground surveys, is an advantage to the study of broad-scale phenological 
patterns.  
 The variability in temperature, precipitation, and drought severity observed 
between 1996-2005 is likely not analogous to the cooler and drier climates of the Last 
Glacial Maximum (LGM) (Behling 1998, Colinvaux et al. 1996), nor to the predicted 
environmental changes in Central America for the next 100 yrs (Neelin et al. 2000, 
Wright et al. 2009). Environmental conditions in this the 10 yr period were well within 
the climatic tolerances of the taxa sampled. However, while taxa such as Bombacaceae 
and Myrtaceae have been used to infer drier climates during the LGM (Behling 1998, 
Gonzalez et al. 2006), positive correspondence with dry seasonality in taxa such as 
Pseudobombax may not be applicable to the community-level responses of these species 
to changed background climates, but could be suggestive of the susceptibility of different 
taxa to climatic change.  
Analysis of long-term population trends suggest that species like Virola 
surinamensis may be at risk for extinction in seasonal forests if dry season length and 
severity increase, while other drought-tolerant taxa such as Cordia may increase in 
abundance (Condit et al. 1996b). Most drought-sensitive species are thought to flower 
during the wet season (Reich and Borchert 1984), suggesting aerial pollen traps could be 
one means of identifying these important wet/dry season flowering groups. Pollen influx 
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correspondence with climate variability could be further bolstered by the inclusion of 
duplicate samples and increased pollen counts, which would increase the resolution of 
rare and singleton pollen types to a single location. 
 
Conclusions and Future Research 
The long-term data set present in this study documents the sensitivity of pollen 
assemblages to intra and interannual climatic variability. Our results suggest that 
paleoecological interpretations of pollen assemblages on community structure and 
climate may need to be revised to accommodate this variability in the long-term pollen 
rain. Current practices of using 1-3 yr pollen surveys may not sufficiently capture this 
natural variation and transfer functions based on these short-term datasets may grossly 
misrepresent compositional change with pollen variability.  
Pollen rain studies also potentially hold value for fields outside of paleoecology. 
Long-term aerial pollen sampling could provide a cost-effective and time-efficient way to 
monitor the reproductive response of many Neotropical plants to seasonal and long-term 
climatic variation in remote forests located across environmental gradients. Long-term 
pollen data sets can be compared to other concurrent, long-term data sets, such as the 
floral and seed traps from the 50 ha plot on BCI (Wright and Calderon 2006) to gauge the 
male investment in reproductive success.  
 Finally, analyses linking pollen productivity and plant reproduction to climatic 
variability will be further improved with increased taxonomic resolution. For example, in 
this study, pollen types consistent with Trichilia spp. were identified to the genus level 
only, meaning that our analysis may have encompassed several species within the genus. 
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There is even the outside possibility that Trichilia tuberculata, an abundant canopy tree 
on BCI not identified in the 50 m census, was not even present in the pollen rain. Being 
able to identify individual species of Trichilia would reveal which Trichilia species are 
most sensitive to climatic variability, minimizing the effect of asynchronous reproductive 
phenologies within the genus. At present, our limited taxonomic resolution complicates 
inferences of climatic reproductive behavior, and limits our analysis to mostly genus 
level interpretations. Future research will attempt to incorporate a number of greater 
species-level identifications to better interpret the climatic response of Neotropical plant 
pollen productivity. 	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Fig. 1. The proportion of pollen taxa corresponding to species within 50 m of Lutz in 
annual pollen assemblages to each sampling height (a) and the relative contribution 
of these local pollen components to annual pollen abundances over the 10-yr period 
sampled (b). Number of different species recorded at each sampling height (c) and 
the total pollen abundance of annual pollen influx to each sampling height (d). Error 
bars are one standard deviation. 
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Fig. 3. CCA of 114 seasonal pollen assemblages with 9 environmental variables. Dry season 
samples are depicted as filled boxes, wet season samples as empty boxes, and the 1998 annual 
samples by filled inverse triangles. Dry and wet season samples ordinate to the right and left, 
respectively, with 3/5 of the combined season 1998 samples ordinating along the y-axis. 
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Fig. 5. Annual environmental and pollen taxa loadings of the first 2 CCA axes. Loadings 
indicate the pollen taxa which covary most strongly to past and present climatic 
conditions. The first axis of variation is characterized by variability in sampling height 
and the previous year’s precipitation. Variability along the second axis is characterized 
most strongly by covariance with measures of the current sampling year’s mean ET, 
PAR, and temperature variables.
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Table 1. Calculations	  of	  basal area (BA; m2/ha) were made using surveyed vegetation  
data and related to relative representation in long-term pollen influx to estimate the 
degree of overrepresentation and underrepresentation of common Neotropical pollen  
types (R-rel). 
 
Pollen taxa Life form # Ind. % BA % Pollen 10-yr R-rel Stdev. 
Moraceae tree 3 2.34 16.5 7.04 3.97 
Cecropia tree 2 0.21 12.2 58.0 24.58 
Arecaceae tree 4 0.28 7.38 26.2 10.82 
Maripa liana 1 --- 4.26 --- --- 
Miconia-type shrub 21 --- 3.88 --- --- 
cf. Gustavia tree 26 3.08 3.50 1.14 0.48 
Eugenia tree 1 0.36 2.27 6.34 6.26 
Faramea shrub 43 0.23 1.87 8.15 6.21 
Acalypha herb 4 --- 1.77 --- --- 
Virola tree 8 7.19 1.54 0.21 0.09 
Hyeronima tree 4 1.57 1.45 0.92 0.40 
Anacardium tree 12 34.6 1.43 0.04 0.02 
Alseis tree 12 1.84 1.38 0.75 0.46 
Uncaria liana 12 0.34 1.24 3.60 1.97 
Pseudobombax tree 1 3.26 1.22 0.37 0.16 
Protium tree 15 5.22 0.91 0.17 0.14 
Spondias tree 2 2.87 0.90 0.32 0.15 
Malpighiaceae liana 35 --- 0.64 --- --- 
Dendropanax tree 1 0.35 0.35 1.20 0.90 
Astronium tree 1 --- 0.34 --- --- 
Arrabidaea liana 2 0.07 0.32 4.50 2.81 
Solanum liana 1 --- 0.30 --- --- 
Paullinia liana 2 --- 0.22 --- --- 
Quassia shrub 8 --- 0.22 --- --- 
Psychotria shrub 140 --- 0.21 --- --- 
Ficus tree 3 11.2 0.20 0.02 0.03 
Bombacopsis tree 1 --- 0.18 --- --- 
Piperaceae shrub 395 --- 0.17 --- --- 
Socratea tree 3 0.17 0.15 0.85 0.53 
Casearia tree 5 --- 0.10 --- --- 
Posoqueria shrub 6 0.07 0.07 1 1.71 
Pouteria tree 1 0.07 0.04 0.60 0.30 
Erythrina shrub 3 0.15 0.03 0.21 .002 
Quararibea tree 4 2.70 .002 .001 .005 
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Appendix Table 1. Summary of recorded species in the Lutz vegetation census. Species 
are listed alphabetically. The total number of individuals corresponding to each species is 
listed in the third column. The fourth column details whether or not pollen types 
corresponding to each species were observed in the 10-yr pollen rain. 
 
 
Species Family # Ind. Pollen Rain (Y/N) 
Acalypha diversifolia  Euphorbiaceae 4 Y 
Alibertia edulis  Rubiaceae 2 N 
Allophylus psilospermus  Sapindaceae 1 N 
Alseis blackiana  Rubiaceae 12 Y 
Anacardium excelsum  Anacardiaceae 12 Y 
Annona spraguei Annonaceae 1 N 
Arrabidaea candicans Bignoniaceae 2 Y 
Astrocaryum standleyanum  Arecaceae 3 Y 
Astronium graveolens  Anacardiaceae 1 Y 
Bombacopsis quinata Bombacaceae 1 Y 
Brosimum alicastrum Moraceae 3 Y 
Calathea inocephala Marantaceae 6 N 
Capparis frondosa Capparaceae 83 N 
Casearia aculeata Flacourtiaceae 5 Y 
Cassipourea elliptica Rhizophoraceae 1 N 
Cecropia insignis Urticaceae 2 Y 
Cestrum megalophyllum Solanaceae 1 N 
Chrysochlamys eclipes Clusiaceae 2 N 
Chrysophyllum argenteum  Sapotaceae 2 N 
Clitoria javitensis Fabaceae-Papilionoideae 2 N 
Cupania sylvatica Sapindaceae 1 N 
Cydista aequinoctialis Bignoniaceae 1 Y 
Dendropanax arboreus Araliaceae 1 Y 
Desmopsis panamensis Annonaceae 15 N 
Dieffenbachia sp. Araceae 4 N 
Dipteryx oleifera Fabaceae-Papilionoideae 1 N 
Doliocarpus dentatus Dilleniaceae 1 N 
Doliocarpus olivaceus Dilleniaceae 10 N 
Erythrina costaricensis Fabaceae-Papilionoideae 3 Y 
Eugenia coloradoensis Myrtaceae 1 Y 
Eugenia oerstediana Myrtaceae 1 Y 
Faramea occidentalis Rubiaceae 43 Y 
Ficus insipida Moraceae 3 Y 
Garcinia intermedia Clusiaceae 2 N 
Garcinia madruno Clusiaceae 2 N 
Guettarda foliacea Rubiaceae 1 N 
Gustavia superba Lecythidaceae 26 Y 
Hamelia axillaris Rubiaceae 1 N 
Hasseltia floribunda Flacourtiaceae 2 N 
Heisteria acuminata Olacaceae 3 N 
Heisteria concinna Olacaceae 2 N 
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Appendix Table 1 (cont.) 
    
Herrania purpurea Sterculiaceae 9 N 
Heteropterys laurifolia Malpighiaceae 1 N 
Hyeronima alchorneoides Euphorbiaceae 4 Y 
Hiraea grandifolia Malpighiaceae 35 Y 
Hirtella triandra Chrysobalanaceae 61 N 
Hybanthus prunifolius Violaceae 8 N 
Inga goldmanii Fabaceae-Mimosoideae 1 Y 
Inga nobilis Fabaceae-Mimosoideae 4 Y 
Lacistema aggregatum Flacourtiaceae 6 N 
Lacmellea panamensis Apocynaceae 1 Y 
Licania platypus Chrysobalanaceae 1 N 
Macrocnemum roseum Rubiaceae 31 N 
Maripa panamensis Convolvulaceae 1 Y 
Mendoncia gracilis Acanthaceae 1 Y 
Mendoncia litoralis Acanthaceae 1 Y 
Mikania leiostachya Asteraceae 9 N 
Mouriri myrtilloides Melastomataceae 21 Y 
Myriocarpa longipes Urticaceae 10 N 
Oenocarpus mapora Arecaceae 1 Y 
Omphalea diandra Euphorbiaceae 7 N 
Ouratea lucens Ochnaceae 1 N 
Paullinia baileyi Sapindaceae 1 Y 
Paullinia fibrigera Sapindaceae 1 Y 
Pentagonia macrophylla Rubiaceae 8 N 
Petrea volubilis Verbenaceae 9 N 
Phryganocydia corymbosa Bignoniaceae 5 N 
Picramnia latifolia Picramniaceae 1 N 
Piper aequale Piperaceae 3 Y 
Piper arboreum Piperaceae 6 Y 
Piper auritum Piperaceae 1 Y 
Piper colonense Piperaceae 3 Y 
Piper cordulatum Piperaceae 6 Y 
Piper grande Piperaceae 361 Y 
Piper perlasense Piperaceae 7 Y 
Piper reticulatum Piperaceae 8 Y 
Platypodium elegans Fabaceae-Papilionoideae 1 N 
Pleiostachya pruinosa Marantaceae 1 N 
Posoqueria latifolia Rubiaceae 6 Y 
Poulsenia armata Moraceae 4 Y 
Pouteria reticulata Sapotaceae 1 Y 
Prionostemma aspera Hippocrateaceae 1 N 
Protium costaricense Burseraceae 1 Y 
Protium panamense Burseraceae 2 Y 
Protium tenuifolium Burseraceae 12 Y 
Pseudobombax septenatum Bombacaceae 1 Y 
Pseudolmedia spuria Moraceae 1 N 
Psychotria horizontalis Rubiaceae 78 Y 
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Appendix Table 1 (cont.)    
    
Psychotria limonensis Rubiaceae 54 Y 
Psychotria marginata Rubiaceae 3 Y 
Psychotria suerrensis Rubiaceae 5 Y 
Quararibea asterolepis Bombacaceae 4 Y 
Quassia amara Simaroubaceae 8 Y 
Randia armata Rubiaceae 2 N 
Siparuna pauciflora  Siparunaceae 2 N 
Socratea exorrhiza Arecaceae 3 Y 
Solanum aturense Solanaceae 1 Y 
Sorocea affinis Moraceae 26 Y 
Spondias mombin Anacardiaceae 1 Y 
Spondias radlkoferi Anacardiaceae 1 Y 
Stylogyne turbacensis Myrsinaceae 1 N 
Swartzia simplex 
var.grandiflora  Fabaceae-Papilionoideae 23 N 
Swartzia simplex 
var.ochnacea  Fabaceae-Papilionoideae 1 N 
Synechanthus 
warscewiczianus Arecaceae 4 N 
Terminalia oblonga Combretaceae 1 N 
Tetragastris panamensis Burseraceae 1 N 
Tontelea richardii Hippocrateaceae 6 N 
Trophis racemosa Moraceae 3 N 
Uncaria tomentosa Rubiaceae 12 Y 
Unknown sp. --- --- N 
Unonopsis pittieri Annonaceae 4 N 
Virola sebifera  Myristicaceae 3 Y 
Virola surinamensis Myristicaceae 5 Y 
Xylopia macrantha Annonaceae 4 N 
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Appendix Table 2. Named pollen taxa recorded in the 10-yr pollen rain. Pollen types are 
listed alphabetically. The relative abundance of each pollen type recorded in the 10-yr 
pollen rain is listed in the third column. 
 
 
 
Pollen Type Family Relative % Total Pollen Abundance 
Acalypha Euphorbiaceae 1.77 
Alchornea Euphorbiaceae 2.47 
Alchornea latifolia Euphorbiaceae 0.03 
cf. Alchornea sp. Euphorbiaceae 1.48 
Alnus Betulaceae 0.01 
Alseis  Rubiaceae 1.38 
Anacardium Anacardiaceae 1.43 
Anthurium sp.1 Araceae 0.77 
Anthurium sp.2 Araceae 0.02 
aff. Apeiba sp.  Tiliaceae 0.04 
Arecaceae Arecaceae 7.38 
Arrabidaea Bignoniaceae 0.32 
Asteraceae sp.1 Asteraceae 0.13 
Asteraceae sp.2 Asteraceae 0.28 
Asteraceae sp.3 Asteraceae 0.02 
Astronium Anacardiaceae 0.34 
Bombacopsis Malvaceae 0.18 
Bursera Burseraceae 0.14 
cf. Bursera Burseraceae 0.21 
Byrsonima Malpighiaceae 0.88 
Casearia  Salicaceae 0.09 
Cavanillesia Malvaceae 0.07 
Cecropia  Urticaceae 12.24 
Cedrela Meliaceae 0.01 
Ceiba Malvaceae 0.13 
Celtis Cannabaceae 0.38 
aff. Cespedezia Ochnaceae 0.02 
Chamaesyce sp.1 Euphorbiaceae 0.21 
Chamaesyce sp.2 Euphorbiaceae 1.00 
Chamaesyce sp.3  Euphorbiaceae 0.49 
Chamissoa Amaranthaceae 0.01 
Chenopodium Amaranthaceae 0.02 
Cissus Vitaceae 0.35 
Citrus grandis Rutaceae 0.25 
Citrus sp.1 Rutaceae 0.12 
Combretum Combretaceae 0.33 
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Appendix Table 2 (cont.)   
   
Combretum sp.2  Combretaceae 0.00 
Cordia Boraginaceae 1.80 
Coussarea Rubiaceae 0.06 
Croton Euphorbiaceae 0.02 
Cryosophila Arecaceae 0.13 
Cydista Bignoniaceae 0.29 
Dalechampia Euphorbiaceae 0.01 
Dendropanax Araliaceae 0.35 
Didymopanax Araliaceae 2.56 
Erythrina costaricensis  
Fabaceae - 
Papilionoideae 0.03 
Eugenia coloradoensis Myrtaceae 2.27 
Eugenia sp.  Myrtaceae 0.11 
Euphorbiaceae sp. Euphorbiaceae 0.07 
Faramea occidentalis Rubiaceae 1.87 
Faramea sp.2 Rubiaceae 0.00 
Faramea sp.3 Rubiaceae 0.01 
Ficus Moraceae 0.20 
Genipa Rubiaceae 1.86 
Guapira Nyctaginaceae 0.62 
cf. Gustavia superba Lecythidaceae 3.50 
Hedyosmum sp.  Chloranthaceae 0.06 
Hippocratea Hippocrataceae 0.06 
Hyeronima Euphorbiaceae 1.45 
aff. Hyptis sp.  Lamiaceae 0.03 
Ilex sp.  Aquifoliaceae 0.03 
cf. Inga sp. 
Fabaceae - 
Mimosoideae 0.04 
Jacaranda sp.  Bignoniaceae 0.03 
cf. Laetia procera  Salicaceae 0.08 
Machaerium 
Fabaceae - 
Papilionoideae 2.80 
Malpighiaceae Malpighiaceae 0.64 
Maripa Convolvulaceae 4.26 
cf. Melochia sp.  Sterculiaceae 0.01 
Mendoncia gracilis  Acanthaceae 0.01 
Miconia-type  Melastomataceae 3.89 
Mimosoideae sp.2 
Fabaceae - 
Mimosoideae 0.00 
Moraceae Moraceae 16.48 
Myrcia Myrtaceae 0.04 
Oryctanthus Loranthaceae 0.00 
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Appendix Table 2 (cont.)   
   
Paullinia Sapindaceae 0.23 
Pinus/Podocarpus --- 0.04 
Piper Piperaceae 0.17 
Poaceae Poaceae 0.97 
Posoqueria Rubiaceae 0.08 
Pouteria Sapotaceae 0.04 
Protium Burseraceae 0.91 
Pseudobombax Malvaceae 1.22 
Psychotria sp.1 Rubiaceae 0.21 
Psychotria sp.2 Rubiaceae 0.03 
Quararibea asterolepis Malvaceae 0.00 
Quassia Simaroubaceae 0.22 
Roupala montana  Proteaceae 0.03 
cf. Rubiaceae spp. Rubiaceae 0.69 
cf. Rutaceae spp.  Rutaceae 0.00 
Sabicea Rubiaceae 1.66 
Sapium Euphorbiaceae 0.12 
Serjania Sapindaceae 0.05 
Simarouba Simaroubaceae 0.05 
aff. Sida Malvaceae 0.00 
Socratea Arecaceae 0.15 
Solanum Solanaceae 0.30 
Spondias Anacardiaceae 0.91 
Spondias sp.2  Anacardiaceae 0.11 
Tabebuia Bignoniaceae 0.08 
Tocoyena pittieri  Rubiaceae 0.00 
Trema Cannabaceae 1.22 
Trichilia Meliaceae 1.44 
Uncaria tomentosa Rubiaceae 1.24 
Virola Myristicaceae 1.54 
cf. Vismia Hypericaceae 0.14 
Vochisyia Vochysiaceae 0.09 
cf. Warscewiczia Rubiaceae 1.70 
Zanthoxylum sp.1 Rutaceae 1.09 
Zanthoxylum sp.2 Rutaceae 1.44 
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Appendix	  Plates.	  Plate	  photographs	  are	  true	  to	  size	  unless	  stated	  otherwise.	  Scale	  bars	  represent	  20µm.	  
	  
Plate	  1.	  Acanthaceae:	  Mendoncia	  gracilis	  (A1-­‐A3,	  scaled	  to	  50%	  size);	  Amaranthaceae:	  Chamisoa	  sp.	  (B1-­‐B3);	  Chenopodium	  sp.	  (C1-­‐C3)	  Plate	  2.	  Anacardiaceae:	  Anacardium	  sp.	  (A1-­‐A6);	  Astronium	  graveolens	  (B1-­‐B3)	  Plate	  3.	  Anacardiaceae:	  Spondias	  sp.1	  (A1-­‐A3,	  scaled	  to	  75%	  size);	  Spondias	  sp.2	  (B1-­‐B3);	  aff.	  Anacardiaceae	  sp.	  (C1-­‐C3,	  scaled	  to	  75%	  size);	  Aquifoliaceae:	  Ilex	  sp.	  (D1-­‐D3)	  
Plate	  4.	  Apocynaceae:	  Lacmellea	  panamensis	  (A1-­‐A3);	  Araceae:	  Anthurium	  sp.1	  (B1-­‐B3);	  Anthurium	  sp.2	  (C1-­‐C3);	  Araliaceae:	  Dendropanax	  sp.	  (D1-­‐D3);	  Didymopanax	  sp.	  (E1-­‐E3)	  Plate	  5.	  Arecaceae:	  Arecaceae	  spp.	  (A1-­‐A6);	  aff.	  Astrocaryum	  sp.	  (A1-­‐A3);	  aff.	  Oenocarpus	  sp.	  (A4-­‐A6)	  Plate	  6.	  Arecaceae:	  Cryosophila	  sp.	  (A1-­‐A3);	  Socratea	  sp.	  (B1-­‐B2);	  Asteraceae:	  sp.2	  (C1-­‐C3)	  Plate	  7.	  Asteraceae:	  sp.1	  (A1-­‐A3);	  Betulaceae:	  
Alnus	  sp.	  (B1-­‐B4)	  Plate	  8.	  Bignoniaceae:	  Arrabidaea	  sp.1	  (A1-­‐A6)	  Plate	  9.	  Bignoniaceae:	  Arrabidaea	  sp.2	  (A1-­‐A4,	  scaled	  to	  75%	  size);	  Cydista	  sp.	  (B1-­‐B3,	  scaled	  to	  75%	  size);	  Jacaranda	  sp.	  (C1-­‐C3,	  scaled	  to	  75%	  size)	  Plate	  10.	  Bignoniaceae:	  cf.	  Mansoa	  sp.	  (A1-­‐A3,	  scaled	  to	  50%	  size)	  Tabebuia	  sp.	  (B1-­‐B4,	  scaled	  to	  75%	  size)	  Plate	  11.	  Boraginaceae:	  Cordia	  sp.	  (A1-­‐A6)	  Plate	  12.	  Burseraceae:	  
Bursera	  simaruba	  (A1-­‐A3);	  Bursera	  simaruba	  var.	  (B1-­‐B6)	  Plate	  13.	  Burseraceae:	  
Protium	  sp.	  (B1-­‐B3);	  Cannabaceae:	  Celtis	  sp.	  (C1-­‐C4);	  Trema	  sp.	  (D1-­‐D3)	  Plate	  14.	  Chloranthaceae:	  Hedyosmum	  sp.	  (A1-­‐A6);	  Combretaceae:	  Combretum	  sp.1	  (B1-­‐B3);	  
Combretum	  sp.2	  (C1-­‐C3)	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Plate	  15.	  Convolvulaceae:	  Maripa	  sp.	  (A1-­‐A3,	  scaled	  to	  75%	  size);	  Cucurbitaceae:	  
Melothria	  sp.	  (B1-­‐B3);	  Euphorbiaceae:	  Acalypha	  spp.	  (B1-­‐B6)	  Plate	  16.	  Euphorbiaceae:	  Alchornea	  costaricensis	  (A1-­‐A6);	  Alchornea	  latifolia	  (B1-­‐B3);	  
Chamaesyce	  sp.2	  (C1-­‐C3);	  Chamaesyce	  sp.3	  (D1-­‐D3);	  Chamaesyce	  sp.1	  (E1-­‐E3)	  Plate	  
17.	  Euphorbiaceae:	  Croton	  sp.	  (A1-­‐A3,	  scaled	  to	  50%	  size);	  Dalechampia	  sp.	  (B1-­‐B4,	  scaled	  to	  50%	  size);	  Hyeronima	  sp.	  (C1-­‐C3)	  Plate	  18.	  Euphorbiaceae:	  Sapium	  sp.	  (B1-­‐B4,	  scaled	  to	  75%	  size)	  Plate	  19.	  Euphorbiaceae:	  cf.	  Alchornea	  sp.	  (A1-­‐A6);	  unknown	  sp.1	  (B1-­‐B3);	  unknown	  sp.2	  (C1-­‐C4)	  Plate	  20.	  Fabaceae	  (Mimosoideae):	  cf.	  Inga	  sp.	  (A1-­‐A3,	  scaled	  to	  50%	  size);	  unknown	  sp.	  2	  (B1-­‐B3,	  scaled	  to	  50%	  size)	  
Plate	  21.	  Fabaceae	  (Papilionoideae):	  Erythrina	  costaricensis	  (A1-­‐A3);	  Machaerium	  sp.	  (B1-­‐B4);	  Flacouticaceae/Salicaceae:	  cf.	  Laetia	  procera	  (C1-­‐C4,	  scaled	  to	  50%	  size)	  Plate	  22.	  Hippocrataceae:	  Hippocratea	  volubilis	  (A1-­‐A3,	  scaled	  to	  50%	  size);	  Lecythidaceae:	  cf.	  Gustavia	  superba	  (B1-­‐B3);	  Loranthaceae:	  Oryctanthus	  sp.	  (C1-­‐C3,	  scaled	  to	  50%	  size)	  Plate	  23.	  Malpighiaceae:	  Byrsonima	  sp.	  (A1-­‐A3);	  Hiraea-­‐type	  (B1-­‐B3);	  Malvaceae:	  aff.	  Sida	  sp.	  (C1-­‐C3,	  scaled	  to	  50%	  size);	  Malvaceae	  (Bombacoideae):	  Bombacopsis	  sp.	  (D1-­‐D3,	  scaled	  to	  50%	  size)	  Plate	  24.	  Malvaceae	  (Bombacoideae):	  Cavanillesia	  sp.	  (A1-­‐A3,	  scaled	  to	  50%	  size);	  cf.	  Ceiba/Ochroma	  sp.	  (B1-­‐B3,	  scaled	  to	  50%	  size)	  Plate	  25.	  Malvaceae	  (Bombacoideae):	  cf.	  
Ceiba/Ochroma	  sp.	  (A1-­‐A3,	  scaled	  to	  50%	  size);	  Pseudobombax	  sp.	  (B1-­‐B3,	  scaled	  to	  50%	  size);	  Quararibea	  asterolepis	  (C1-­‐C5,	  scaled	  to	  50%	  size)	  Plate	  26.	  Melastomataceae:	  Miconia-­‐type	  (A1-­‐A6);	  Meliaceae:	  Cedrela	  sp.	  (B1-­‐B3);	  Trichilia	  sp.	  (C1-­‐C3)	  Plate	  27.	  Meliaceae:	  Trichilia	  sp.	  (A1-­‐A6);	  Trichilia	  sp.	  (B1-­‐B6)	  Plate	  28.	  Moraceae:	  Brosimum-­‐type	  (A1-­‐A3);	  Ficus	  sp.	  (B1-­‐B3);	  Myristicaceae:	  Virola	  sp.	  (C1-­‐
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C4)	  Plate	  29.	  Myrtaceae:	  Eugenia	  coloradensis	  (A1-­‐A3);	  Eugenia	  sp.	  (B1-­‐B3);	  
Eugenia	  sp.	  (C1-­‐C3);	  Myrcia	  sp.	  (D1-­‐D3);	  Nyctaginaceae:	  Guapira	  standleyana	  (E1-­‐E4,	  scaled	  to	  50%	  size);	  Piperaceae:	  Piper	  spp.	  (F1-­‐F3)	  Plate	  30.	  Poaceae:	  unknown	  sp.1	  (A1-­‐A3);	  unknown	  sp.2	  (B1-­‐B3,	  scaled	  to	  50%	  size);	  Pinaceae/Podocarpaceae:	  unknown	  sp.	  (C1-­‐C3,	  scaled	  to	  50%	  size);	  Proteaceae:	  aff.	  Roupala	  montana	  (D1-­‐D3,	  scaled	  to	  50%	  size)	  Plate	  31.	  Rubiaceae:	  Alseis	  sp.	  (A1-­‐A3);	  Coussarea	  sp.	  (B1-­‐B3);	  
Faramea	  occidentalis	  (C1-­‐C4);	  Faramea	  sp.	  2	  (D1-­‐D3);	  Faramea	  sp.3	  (E1-­‐E3)	  Plate	  
32.	  Rubiaceae:	  Genipa	  sp.	  (A1-­‐A6);	  aff.	  Ixora	  coccinea	  (B1-­‐B6)	  Plate	  33.	  Rubiaceae:	  
Posoqueria	  sp.	  (A1-­‐A3,	  scaled	  to	  50%	  size);	  Psychotria	  sp.1	  (B1-­‐B3,	  scaled	  to	  50%	  size);	  Psychotria	  sp.2	  (C1-­‐C3,	  scaled	  to	  50%	  size);	  Sabicea	  sp.	  (D1-­‐D3);	  Tocoyena	  
pittieri	  (E1-­‐E3,	  scaled	  to	  50%	  size)	  Plate	  34.	  Rubiaceae:	  Uncaria	  tomentosa	  (A1-­‐A6);	  cf.	  Warszewiczia	  sp.	  (B1-­‐B3);	  Rutaceae:	  Citrus	  sp.1	  (C1-­‐C4);	  Citrus	  sp.2	  cf.	  Citrus	  
grandis	  (D1-­‐D3,	  scaled	  to	  75%	  size)	  Plate	  35.	  Rutaceae:	  Zanthoxylum	  sp.1	  (A1-­‐A6);	  
Zanthoxylum	  sp.2	  (B1-­‐B3);	  cf.	  Rutaceae	  spp.	  (C1-­‐C4)	  Plate	  36.	  Salicaceae:	  cf.	  
Casearia	  sp.	  (A1-­‐A6);	  Sapindaceae:	  Paulinia	  sp.	  (B1-­‐B3,	  scaled	  to	  75%	  size);	  Serajnia	  sp.	  (C1-­‐C3,	  scaled	  to	  75%	  size)	  Plate	  37.	  Sapotaceae:	  Pouteria	  sp.	  (A1-­‐A6);	  Simaroubaceae:	  Quassia	  sp.	  (B1-­‐B3,	  scaled	  to	  75%	  size);	  Simarouba	  sp.	  (C1-­‐C3)	  
Plate	  38.	  Solanaceae:	  Solanum	  spp.	  (A1-­‐A6);	  Tiliaceae:	  aff.	  Apeiba	  sp.	  (B1-­‐B3,	  scaled	  to	  75%	  size);	  Urticaceae:	  Cecropia	  sp.	  (C1-­‐C3);	  Vitaceae:	  Cissus	  sp.	  (D1-­‐D3,	  scaled	  to	  75%	  size)	  Plate	  39.	  Vochysiaceae:	  Vochysia	  sp.	  (A1-­‐A3);	  unknown	  sp.	  (B1-­‐B3)	  Plate	  
40.	  unknown	  sp./aff.	  Vismia	  sp.	  (A1-­‐A4);	  unknown	  sp./	  aff.	  Rubiaceae	  spp.	  (B1-­‐B3);	  unknown	  sp./aff.	  Ochnaceae:	  Cespedezia	  sp.	  (C1-­‐C3)	  Plate	  41.	  unknown	  sp.	  (A1-­‐A3);	  unknown	  sp.	  (B1-­‐B3);	  unknown	  sp.	  (C1-­‐C3);	  Plate	  42.	  unknown	  sp./aff.	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Malpighiaceae:	  Tetrapteris	  sp.	  (A1-­‐A3);	  unknown	  sp.	  (B1-­‐B6);	  unknown	  sp./aff.	  Rubiaceae	  sp.	  (C1-­‐C4)	  Plate	  43.	  unknown	  sp.	  (A1-­‐A4,	  scaled	  to	  50%	  size);	  unknown	  sp.	  (B1-­‐B3,	  scaled	  to	  50%	  size);	  unknown	  sp./aff.	  Rutaceae	  sp.	  (C1-­‐C4),	  unknown	  sp.	  (D1-­‐D3,	  scaled	  to	  75%)	  Plate	  44.	  unknown	  sp.	  (A1-­‐A4)	  unknown	  sp.	  (B1-­‐B3);	  unknown	  sp./aff.	  Lamiaceae:	  Hyptis	  sp.	  (C1-­‐C3)	  Plate	  45.	  unknown	  sp.	  (A1-­‐A3);	  unknown	  sp./cf.	  Sterculiaceae:	  Melochia	  sp.	  (B1-­‐B5)	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